Virtually all mammalian cells express two seemingly redundant cyclin-D-dependent kinases (Cdk4 and Cdk6) and three partner cyclins (D1, D2 and D3) essential for the G 1 -S transition, with predominant expression of Cdk4 and D1 in mesenchymal cells and Cdk6 and D3 in hematopoietic cells. We recently found two novel functions for Cdk6 executed in fibroblasts although unlike Cdk4 it is dispensable for their proliferation. In the rat fibroblast NRK-49F cells, oncogenic stimulation recruits Cdk6 to participate in a step of the cell cycle start that seems to be critical for anchorage-independent S-phase onset. Among the kinase-D-type cyclin combinations, the Cdk6-cyclin-D3 complex has a unique ability to evade inhibition by cyclin-dependent kinase inhibitors and thereby control the cell's proliferative competence under growth-suppressive conditions. We describe here that 2-5-fold overexpression of both Cdk6 and D3 enhances by 5 Â 10 3 -10 6 -fold the susceptibility of the BALB/c3T3 and C3H10T1/2 mouse fibroblast lines to ultraviolet irradiation-as well as 3-methylcholanthrene-induced transformation. This result suggests that deregulated expression of Cdk6 and cyclinD3 may predispose cells to malignant transformation, supporting the recent finding that cyclin D3 activated by chromosomal rearrangement is the causative gene of non-Hodgkin B lymphoma, in which Cdk6 is the major partner kinase.
Introduction
Mammalian cells express two structurally redundant kinases (Cdk4 and Cdk6) and three structurally redundant partner cyclins (D1, D2 and D3), with predominant expressions of Cdk4 and D1 in mesenchymal cells and Cdk6 and D3 in hematopietic cells (Hunter and Pines, 1994; Okayama et al., 1996; Chilosi et al., 1998) . It has been shown that in fibroblasts Cdk4 is required for the cell cycle start at least partly because of its role in the inactivation of the retinoblastoma protein (Rb) by phosphorylation (Jinno et al., 1999a) . The modification of Rb may be followed by further phosphorylation by the cyclin E-Cdk2 complex and releases from inactivation the E2F-DP transcriptional factor complexes that control the expression of genes essential for the activation of replication origins or Sphase progression (Dulic et al., 1992; Koff et al., 1992; Weinberg, 1995) . Although there is no direct experimental evidence, Cdk6 is thought to be functionally redundant with Cdk4 and to play the same role in hematopoietic cells as does Cdk4 in fibroblasts because it is predominantly expressed in these cells, being induced upon proliferative stimulation with antigen or interleukin (Chilosi et al., 1998) .
Unlike cyclin D1, whose expression is mostly restricted within mesenchymal cells, cyclin D3 is widely expressed in a variety of cells and has been suggested to play a role in the G 1 -S transition of hematopoietic cells (Bartkova et al., 1998) and fibroblasts (Herzinger and Reed, 1998) . Furthermore, recent studies have implicated the involvement of this cyclin subtype in a variety of decisions on cell fate, including proliferation, apoptosis and differentiation (Wang and Walsh et al., 1996; Rogatsky et al., 1997; Bartkova et al., 1998; Cenciarelli et al., 1999) .
Because of its minority in expression and structural redundancy with Cdk4, Cdk6 has not been thought to play any significant biological role in fibroblasts. However, we have recently found two novel functions executed by Cdk6 in these cells. First, in the rat fibroblast line NRK-49F, which is reversibly transformed by a combination of growth factors, oncogenic stimulation invokes Cdk6 to participate in a step in cell cycle start, which seems to induce anchorage-independent S-phase onset (Jinno et al., 1999b) . Second, unlike other D cyclin-kinase combinations, the Cdk6-cyclin-D3 complex can evade inhibition by cyclin-dependent kinase inhibitors (CKI), thereby executing the unique ability to control a cell's proliferative competence under growth-suppressive conditions where CKIs are abundantly expressed (Lin et al., 2001) .
Carcinogenesis is a multistep process characterized in part by gradual loss of growth control. In this process, aberrant levels of D-type cyclins and their kinase partners may provide a growth advantage over normal cells by allowing proliferation to occur under suboptimal conditions or by causing cells to become more sensitive to carcinogenesis. In the past few years, much work has focused on cyclin D1 and its major kinase partner Cdk4 mainly because the cyclin D1 gene was isolated as a potential oncogene from a benign parathyroid tumor (Motokura et al., 1991) . Since then, there have been numerous reports showing a close association of overexpression of both D1 and Cdk4 with many tumors (Hall and Peters, 1996) . By contrast, much less attention has been paid to Cdk6 and D3 until recently when several reports were made suggesting the possible involvement of Cdk6 and D3 in malignant transformation. The activity or amount of Cdk6 is elevated in some cancer cells and lymphomas (Costello et al., 1997; Timmermann et al., 1997; Corcoran et al., 1999; Lien et al., 2000) . In non-Hodgkin B lymphoma, the cyclin D3 gene is highly activated by the chromosomal translocation, t(6; 14) (p21.1; q32.3), suggesting that cyclin D3 may be the causative oncogene (Sonoki et al., 2001) .
The unique role of Cdk6 in the cell cycle start upon oncogenic stimulation and the ability of Cdk6-D3 to control proliferative competence under growth-suppressive conditions, taken together with these findings, led us to examine a possible role for Cdk6-D3 in chemical and physical transformation of two rodent fibroblast cell lines Balbc3T3 and C3H10T1/2, generally used for such studies, and we found that 2-5-fold overexpression of Cdk6-D3 not only enhances their proliferative potential, but also highly sensitizes them to ultraviolet irradiation-and 3-methylcholanthrene-induced transformation. In this communication, we present experimental data and discuss its implication.
Results
Rodent fibroblasts overexpressing Cdk6, but not Cdk4, are highly sensitized to ultraviolet irradiation-and 3-methylcholanthrene-induced transformation Recent experimental results of ours and others have suggested that the Cdk6-D3 complex might play a positive role in carcinogenesis. In order to test this possibility, we constructed BALB/c3T3 and C3H10T1/2 cell clones overexpressing Cdk6 by transfection with a CMV promoter-based expression vector harboring a cdk6 cDNA. These two rodent fibroblast cell lines are among those most frequently used for studies on chemical and physical transformation (Reznikoff et al., 1973; Kakunaga and Crow, 1980) . Several independent overexpressors (#9, #13, #16 and #22 for BALB/c3T3, #15, #23, #36, #41 and #47 for C3H10T1/2) with different levels of Cdk6 (1.5-5-fold overproduction) were obtained. In parallel, both cell lines were stably transfected with the empty vector, and independent clones obtained were used as a control. The levels of Cdk6 protein expressed in these overexpressors were determined by Western blot after growth to confluence (Figure 1 ). These overexpressors and five independent control clones for each line were then examined for the formation of transformed foci within 3-4 weeks upon UV irradiation or treatment with 3-methylcholanthrene (3-MCA), a potent carcinogen (Kakunaga, 1985) . As shown in Table 1 , none of the empty vector transfected BALB/c3T3 and C3H10T1/2 clones (total 10 6 cells screened for each line) formed any transformed foci upon UV irradiation at 7.5 J/m 2 or treatment with 3-MCA at 5 mg/ml for BALB/c3T3 or 2.5 mg/ml for C3H10T1/2. The frequency of the formation of transformed foci was thus less than 1 in 10 6 for both control BALB and C3H cells. By contrast, both cell clones overexpressing Cdk6 formed many foci when similarly treated, with frequencies of 170-800 in 10 6 for BALB and 900-1400 in 10 6 for C3H (Table 1 ). There was no noticeable correlation between the extent of overproduction and the number of formed transformed foci at this point, although the least expressing BALB clone K6#16 showed the least number of foci to UV irradiation. Moreover, there was no correlation in sensitivity between UV and 3-MCA among some of these overexpressors.
The cells constituting these foci were morphologically transformed, and when cultured in methylcellulose semisolid medium, they efficiently proliferated and formed large colonies, showing that they were able to perform anchorage-independent proliferation (data not shown; see below for results from similar experiments). Accordingly, we concluded that overexpression of Cdk6 highly sensitized these rodent cells in UV-or 3-MCAinduced in vitro transformation.
Co-overexpression of cyclin D3, but not D1, further sensitizes cells to physical and chemical transformation Given this result, we next investigated the influence of additional overexpression of cyclin D3 on the transformation susceptibility of BALB/c3T3 and C3H10T1/2 cells. Since there are reports showing the association of high cyclin-D1 expression with some types of cancers (Jiang et al, 1993; Schauer et al., 1994; Robles and Conti, 1995) , we also investigated the effect of cooverexpression of D1 on transformation susceptibility. For this purpose, the BALB/c3T3 cell clone overexpressing Cdk6 four fold (K6#13) was chosen and additionally transfected with a D3 or D1 cDNA inserted into the same CMV promoter-based expression vector but with a different drug-resistant marker gene. Several independent coexpressors with D3 (#26, #31 and #64) or with D1 (#1, #9 and #46) were isolated. As shown in Figure 1 , the levels of overexpressed Cdk6 and cyclin D3 or cyclin D1 in these clones were approximately 2-5, 2-3 and 2-5-fold, respectively, higher than those in the control BALB cells, according to Western blot and densitometric estimation. Perhaps due to its adverse effects on the cells, we could not obtain any clones overexpressing D3 more than threefold, unlike those overexpressing D1. These clones were then examined for transformation susceptibility.
We predicted that the Cdk6 and D3 double overproducers would be further sensitized to transformation Cdk6-D3 enhances transformation susceptibility Q Chen et al because additional expression of D3 elevates the proliferative competence of cells (Lin et al., 2001) . However, contrary to our prediction, those double overexpressors showed similar or even less transformation susceptibility to both UV and 3-MCA than the original K6#13 clone and other Cdk6 single overexpressors (Table 1) .
The use of serial transfection that was employed to obtain the double overexpressors of BALB/c3T3 cells could potentially produce biased results if the single overexpressor clone used to generate double overexpressors incidentally contains additional genetic or epigenetic changes that influence the final experimental results. This could have caused the unexpected results. To investigate this possibility and simultaneously avoid such a risk, we used a different strategy for the generation of double overexpressors of C3H10T1/2 cells. This cell line was cotransfected with Cdk6 and cyclin-D3 cDNAs inserted in the CMV promoter-based expression vector, and three independent Cdk6-D3 double overexpressor clones, #22, #57 and #58, overproducing 2-5-fold Cdk6 and 2-3-fold D3 were obtained ( Figure 1 ). They were then assayed for transformation susceptibility. Again, they formed much fewer foci upon treatment with UV and 3-MCA than the Cdk6 single overexpressors (Table 1) . To be extreme, the clone K6D3#57 failed to form any foci despite very high overexpression of Cdk6 and D3 (Figure 1 ). These results confirmed the BALB/c3T3 cell results and forced us to conclude that coexpression of D3 rather decreased transformation frequencies elevated by Cdk6 expression in both BALB/c3T3 and C3H10T1/2 cells. However, this unexpected result was found to be a consequence of overdoses of UV and 3-MCA to the double overexpressors.
When the doses of UV and 3-MCA were reduced by 30-40%, those Cdk6-D3 double overexpressors formed foci at greater frequencies than with the original doses whereas the Cdk6 single overexpressors as well as the control vector-transfected cells formed few foci, regardless of the examined cell lines (Table 2, Figure 2a ). Furthermore, all these double overexpressors showed similarly elevated sensitivities to both UV and 3-MCA, unlike the Cdk6 single overexpressors (Table 1) , indicating that overexpression of D3 equalized sensitivities to UV and 3-MCA.
The cells constituting these foci were morphologically transformed, and when cultured in methylcellulose semisolid medium, they efficiently proliferated and formed gigantic colonies, showing that they were able to perform anchorage-independent proliferation ( Figure 2b ). Rough estimation led us to suggest that additional overexpression of D3 further elevated transformation susceptibility 30-500-fold for BALB and Figure 1 Construction of Balb/c3T3 and C3H10T1/2 cells overexpressing Cdk6, Cdk6 and D3, Cdk6 and D1, Cdk4, or Cdk4 and D1, and of Balb/c3T3 overexpressing kinase-negative Cdk6 (K6KN) or kinase-negative Cdk6 and D3. For BALBc/3T3 cells, four independent Cdk6 (K6) (#9, #13, #16, #22) or kinase-negative Cdk6 (KN K6) (#14, #25, #35, #46) single overexpressors, three independent Cdk6-cyclin-D3 (K6D3) (#26, #31, #64), Cdk6-cyclin-D1 (K6D1) (#1, #9, #46) or kinase-negative Cdk6-cyclin D3 (KN K6D3) (#4, #38, #41) dual overexpressors, five empty vector-transfected clones (#1-#5), and for C3H10T1/2 cells, five independent Cdk6 single overexpressors (K6) (#15, #23, #36, #41, #47), three independent Cdk6-cyclin-D3 dual overexpressors (K6D3) (#22, #57, #58) and five independent empty vector-transected clones were isolated. These overexpressor clones and one empty vector-transfected clone each for BALB and C3H (#V5 and #V1, respectively, taken as representatives) were arrested by confluence, lysed, and the levels of Cdk6, Cdk4, D3 and/or D1 were quantified by Western blot. b-Actin was detected as loading control Cdk6-D3 enhances transformation susceptibility Q Chen et al >1000-fold for C3H cells. These results, taken together with the data in Table 1 , led us to conclude that 2-5-fold overexpression of both Cdk6 and D3 elevated roughly 5 Â 10 3 -10 6 -fold the susceptibility of the rodent fibroblast lines to UV-and 3-MCA-induced transformation.
The ability to highly sensitize cells to physical and chemical transformation seems to be specific for the Cdk6-D3 complex under the assay conditions used. Coexpression of D1 nearly completely reversed the sensitization exerted by Cdk6 overexpression. None of the Cdk6-D1 double overexpressors of both cell lines formed foci at any dosages tested (Tables 1 and 2) .
We previously showed that expression of Cdk4 alone or together with D1 markedly reduced the cell's growth potential under growth-suppressive conditions, such as low serum and high cell density. Yet there are reports indicating the association of overexpression of Cdk4 and/or cyclin D1 with cancer cells (Hall and Peters, 1996) , in addition to the identification of cyclin D1 as a potential dominant oncogene (Lebwohl et al., 1994) . We therefore constructed BALB/c3T3 cells overexpressing Cdk4 alone 3-5-fold or both Cdk4 and D1 3-4-and 2-5-fold, respectively, and tested their sensitivities to UV and 3-MCA at two dosages and under two different culture conditions after treatment, incubation with and without replating at a 1/10 cell density which would reduce the level of p27 KIP1 at least temporally. We made the following prediction. Under the standard culture condition (incubation without replating) used throughout the entire experiment, overexpression of Cdk4 regardless of coexpression with D1 would not enhance transformation frequencies, because under this condition Cdk4 would be held largely inactive by the presence of abundant p27 KIP1 . However, if the cells treated with carcinogen were allowed to proliferate at least temporally, overexpression of Cdk4, in particular with coexpression with D1, might enhance transformation frequencies because, under the latter condition, cells overexpressing Cdk4 and D1 would have a higher proliferative advantage owing to release from inhibition by p27 KIP1 . The data obtained were consistent with this Cells were plated on two or three 10 cm culture dishes at 5 Â 10 4 -1 Â 10 5 cells per dish, then exposed to 5 mg/ml (for BALB cell) or 2.5 mg/ml (for 10T1/2 cell) 3-methylcholanthrene (3-MCA) for 72 h or irradiated with 7.5 J/m 2 of ultraviolet light, and cultured for 3-4 weeks for transformed foci to develop. The number of transformed foci that met the criteria described previously (Reznikoff et al., 1973; Kakunaga and Crow, 1980) was counted after Gimsa staining. Transformation frequencies were calculated as a ratio of transformed foci to the number of the cells initially plated. The same experiments were repeated twice for all the experiments but that with Cdk6 kinase negative clones (KN). Results are expressed as average7s.d. Cells were plated on three 10 cm culture dishes at 10 5 cells per dish, then exposed to 3.33 mg/ml (for BALB), or 1.67 mg/ml (for C3H) of 3-MCA for 72 h or to 5 J/m 2 of UV radiation, and cultured for 3-4 weeks. Transformation frequency was calculated as described in Table  1 . The same experiments were repeated 3 times for all the clones but Cdk6 kinase negative clones (KN). Results are expressed as average7s.d.
Cdk6-D3 enhances transformation susceptibility Q Chen et al Figure 2 (a) Formation of transformed foci from BALB/c3T3 and C3H10T1/2 clones overexpressing Cdk6 and D3 upon irradiation with ultraviolet irradiation or treatment with 3-methylcholanthrene. The cells shown here were those used in the Table 2 experiment that were cultured and stained 3-4 weeks after irradiation with 5 J/m 2 ultraviolet irradiation (UV) or exposure to 3.33 mg (for BALB) or 1.67 mg (for C3H) 3-methylcholanthrene (3-MCA) per ml for 72 h. Plates were stained with Gimsa. (b) Growth of transformed cells in methylcellulose medium. Cells were recovered by using cloning cylinders from untransformed regions (1, 3) and from transformed foci (2, 4) of the plates of BALB K6D3 #31 and C3H K6D3 #22, embedded in methylcellulose medium containing 5% FCS and incubated for 2 weeks Cells were plated in three 10 cm culture dishes at 10 5 cells per dish, exposed to a specified concentration of 3-MCA for 72 h or to a specified dose of ultraviolet radiation and cultured for 3 weeks for transformed foci to develop. a In this experiment, cells were cultured for 3 days after irradiation, trypsinized, replated at a 1/10 cell density and further cultured for total 3 weeks.
Cdk6-D3 enhances transformation susceptibility
Q Chen et al prediction. As shown in Table 3 and Figure 2a , under the standard assay culture condition, no transformed foci formed regardless of the coexpression of D1 upon UV irradiation or 3-MCA treatment with either dosage. However, when cells were allowed to proliferate by replating at a low density after UV irradiation, one clone of the Cdk4 overexpressors and two clones of the Cdk4-D1 double overexpressors formed transformed foci albeit few. Thus, overexpression of Cdk4 and D1 could sensitize cells to transformation by UV and 3-MCA, but very marginally and only when they were allowed to proliferate after treatment.
The kinase activity in Cdk6 is essential for sensitization of cells to physical-chemical transformation
The ability of D-dependent kinases to sensitize cells to transformation seems to closely correlate with their ability to exert kinase activity under growth-suppressive conditions. One of the growth-suppressive conditions best suited to examine this correlation is culture in methylcellulose medium because, under this condition, any cells without the ability of anchorage-independent proliferation are forced to arrest in G 1 no matter how high growth stimulation is, due to anchorage lossimposed downregulation of Cdc6 (Jinno et al., 2002) and high induction of p27 KIP1 (Fang et al., 1996; Kawada et al., 1997) . The Cdk6-D3 and Cdk6-D1 double overexpressors of BALB/c3T3 and the Cdk6-D3 double overexpressors of C3H10T1/2 were incubated in methylcellulose medium for 36 h to undergo arrest in G 1 and cell lysates were prepared. In the cells arrested in G 1 by anchorage deprivation, endogenous cyclin D1 is poorly expressed (Zhu et al., 1996) , and therefore, in the similarly arrested Cdk6-D3 and Cdk6-D1 double overexpressors, D3 and D1 are the major cyclins associated with Cdk6, respectively. Furthermore, mouse Cdk6 protein cannot be immunoprecipitated with any of the available anti-Cdk6 antibodies (Lin et al., 2001) . We therefore used an anti-D3 or anti-D1 antibody to precipitate Cdk6 and assayed for its activity. To confirm that the activity associated with D3 was attributable to Cdk6, Cdk4 was immunoprecipitated and assayed for activity in parallel. As shown in Figure 3a , D3-associated kinases from both BALB/c3T3 and C3H10T1/2 Cdk6-D3 double overexpressors exhibited strong activity, yet Cdk4 showed no detectable activity. Consequently, in these cells Cdk6 was active, consistent with our previous result (Lin et al., 2001) . By contrast, D1-associated kinases from the BALB/c3T3 Cdk6-D1 double overexpressors had no detectable activity despite the presence of Cdk6. So did Cdk4 in the BALB/c3T3 Cdk4-D1 double overexpressors. This lack of activity is attributable at least in part to the inhibition by the abundantly expressed p27 KIP1 (Lin et al., 2001) . Thus, the ability of D-dependent kinases to sensitize cells to transformation was closely correlated with their ability to exert kinase activity under growth-suppressive conditions, but not with their ability to accelerate proliferation under growth-stimulating conditions. We observed that double overexpression of Cdk4 and D1 highly increased proliferation rates in regular culture medium Figure 3 (a) Activities of cyclin-D-dependent kinases from BALB and C3H overexpressors arrested in G1 by anchorage deprivation. BALB/c3T3 cells overexpressing Cdk6 and D3, Cdk6 and D1 or Cdk4 and D1, C3H10T1/2 cells overexpressing Cdk6 and D3, and those transfected with an empty vector were arrested in G 1 by incubation in methylcellulose DMEM for 36 h and lysed. Cyclin D3, cyclin D1 and Cdk4 were immunoprecipitated from K6D3, K6D1, and both K6D3 and K4D1 cells, respectively, and their association Rb kinase activities were assayed as described (Jinno et al., 1999a; Lin et al., 2001) . #V5e and #V1e were BALB #V5 and C3H #V1 cells exponentially proliferating in regular culture medium and used as a positive control for the assay of D3-and D1-associated kinase activities, respectively. (b) The level of p27 KIP1 is reduced in K6D3-overexpressing cells. The specified overexpressors and empty vectortransfected clones were arrested in G 1 by incubation in methylcellulose medium for 36 h (left panel) or by contact inhibition for more than 1 week (right panel). The level of p27 KIP1 was then determined by Western blot. #V5e is BALB #V5 cells exponentially proliferating in culture medium. b-Actin was detected as loading control Cdk6-D3 enhances transformation susceptibility Q Chen et al whereas overexpression of Cdk6 and D3 had no significant effect. The doubling times of BALB/c3T3 cells overexpressing Cdk4 and D1 (#13, #37, #44), Cdk6 and D3 (#26, #31), Cdk6 and D1 (#1, #9), and empty vector (#1, #2) were 12.570.7, 17.470.2, 16.270.1 and 1970 .2 h, respectively, as expressed in average7s.d. In addition, upon cell-cell contact, the BALB or C3H cells overexpressing Cdk4 and D1 ceased proliferation at a lower density with flat morphology, confirming our previous report (Lin et al., 2001) .
The essentiality of the kinase activity for sensitization to transformation was demonstrated by the lack of any increase in transformation susceptibility by overexpression of a kinase-negative Cdk6 molecule, even with coexpression of D3. A kinase-negative cdk6 cDNA, in which aspartate at 163 in the kinase domain was replaced with asparagine, was constructed as reported (van den Heuvel and Harlow, 1993; Park et al., 1998) , confirmed for correct mutation by sequencing, inserted into the same CMV promoter-based expression vector and transfected into BALBc3T3 cells, alone or together with D3 in the expression vector. Several cell clones (KN K6#14, 25, 35, 46 and KN K6D3#4, 38, 41 ) overexpressing Cdk6 or both Cdk6 and D3 3-5-fold were isolated (Figure 1 , right panel), irradiated with UV or treated with 3-MCA, and incubated for 3 weeks. As shown in Tables 1 and 2 and Figure 2 , unlike those overexpressing kinase active Cdk6 or Cdk6-D3, none of these clones developed transformed foci.
There seems to be at least three mechanisms conceivable for high sensitization to physical and chemical transformation by expression of Cdk6-D3. In addition to its ability to evade inhibition by p27 KIP1 and p21 CIP1 (Lin et al., 2001) and its involvement in a step seemingly responsible for the anchorage-independent cell cycle start (Jinno et al., 1999b) , Cdk6-D3 appears to be able to reduce the level of p27 KIP1 . As shown in Figure 3b , unlike in other overexpressors, in K6D3, the level of p27 was significantly reduced despite nearly complete cessation of cell proliferation by anchorage loss or by density arrest after a long incubation. In these cells, Cdk2, which is essential for S-phase onset, would be expected to be more readily activated owing to a reduced p27 KIP1 level.
Overexpression of Cdk6-D3 reduces cell tolerance to genotoxic stress
The low frequencies of transformed foci formation of the double overexpressors at a high dose were found to be attributable at least in part to their reduced tolerance to the treatments. A subset of the same control, Cdk6 single and Cdk6-D3 double overexpressor clones of both BALB and C3H cells were treated with UV or 3-MCA, or mock treated under the same conditions as for the focus assay, and determined for cell viability by assaying colony forming ability (Table 4) . When treated at low doses, the double overexpressors of both cell lines showed similar or only slightly lower viability than the corresponding control and single overexpressors. However, when treated at high doses, they exhibited 2-5-fold reduced viability. Thus, overexpression of Cdk6-D3 significantly reduced the cell's tolerance to the genotoxic stresses. Interestingly, the double overexpressor BALB K6D3#26, which showed high transformation susceptibility to UV and 3-MCA at both high and low doses Cells plated on two dishes at a density of 1 Â 10 5 cells per dish, exposed to the specified doses of UV or to the specified concentration of 3-MCA for 72 h as in Tables 1 and 2 . After treatment; cells were seeded at 1000 cells per dish and further cultured for 10 days for colonies to develop. Colony forming efficiencies (%) were calculated by dividing the number of colonies formed by 10. Experiments were repeated twice for both UV and 3-MCA treatments, and the results are expressed as average7s.d. Experiments for mock treatment were done once, and the results are expressed as average in 2-3 plates.
Cdk6-D3 enhances transformation susceptibility Q Chen et al (Tables 1 and 2 ), was as resistant to these treatments as the control. These results explain at least partly why the frequencies of foci formation of the double overexpressors were paradoxically lowered at the high doses, and, in addition, the properties of BALB K6D3#26 suggest that the elevated tolerance to the genotoxic stresses, which was likely acquired by a second genetic or epigenetic change in this cell clone that might have occurred during transfection, is not essential for, but significantly contributes to, a cell's susceptibility to malignant transformation.
Discussion
Overexpression of some cell cycle start factors including D-type cyclins and their kinase partners is frequently associated with neoplasia (Pines, 1995) . The initial discovery of the cyclin D1 gene as a potential oncogene overexpressed by chromosomal rearrangement in a benign parathyroid tumor (Motokura et al., 1991) , and subsequent discoveries of overexpression of this cyclin and its kinase partner Cdk4 as well as of mutational inactivation of the INK family CKIs, Cdk4/6-specific inhibitors, in a variety of tumors (Hall and Peters, 1996; Sherr, 1996) drew much attention to this cyclin-dependent kinase as a major cell cycle factor deeply involved in carcinogenesis and therefore a target for extensive studies. However, recent studies shed light on the other D-type cyclin and its partner kinase. The cyclin D3 gene has been found to be the causative gene of non-Hodgkin B lymphoma, which was highly activated by chromosomal rearrangement in this neoplasm (Sonoki et al., 2001) , and there are reports for the close association of overexpression of Cdk6 and D3 with certain human cancers (Costello et al., 1997; Timmermann et al., 1997; Easton et al., 1998; Corcoran et al., 1999; Lien et al., 2000; Ebert et al., 2001; Shaughnessy et al., 2001) . Moreover, our recent findings suggest that Cdk6, associated with cyclin D3 in particular, plays critical roles controlling a cell's proliferative competence and anchorage-independent proliferation (Jinno et al., 1999b; Lin et al., 2001) . Our present work further indicates a potential role for Cdk6, particularly the one associated with D3, in malignant transformation. Twofive-fold overexpression of Cdk6 and D3 highly sensitized BALB/c3T3 and C3H10T1/2 cells to UVand 3-MCA-induced transformation, with a 5 Â 10 3 -10 6 -fold enhancement of transformation susceptibility according to rough estimation from data of the Tables 1  and 2 . However, neither Cdk4 nor Cdk4-D1 had such profound ability. BALB cells overexpressing Cdk4 alone or both Cdk4 and D1 showed a marginal increase in transformation susceptibility only when the cells were allowed to proliferate temporally after carcinogenic treatment. Moreover, expression of D1 strongly counteracted the effect of Cdk6, and none of the double overexpressors constructed from BALB Cdk6#13 by additional expression of D1 formed transformed foci, unlike the parental clone and those generated by additional overexpression of D3.
There was a close correlation between the ability of these D-cyclin-kinase combinations to sensitize cells to transformation and their ability to exert kinase activity at anchorage loss-imposed G 1 arrest (Figure 3) . Furthermore, the essentiality of kinase activity for this sensitization was demonstrated by a total loss of the ability of Cdk6-D3 to enhance transformation susceptibility by a mutational inactivation of its kinase domain. We previously showed that the ability of D-cyclinkinase combinations to enhance a cell's proliferative competence was closely correlated with their ability to exert kinase activity (Lin et al., 2001) at anchorage lossimposed G 1 arrest (Lin et al., 2001) . Consequently, the ability of Cdk6-D3 to enhance transformation susceptibility is likely attributable largely to its ability to promote proliferation under growth-suppressive conditions, such as serum deprivation and high cell density. In addition, it may also be attributable at least partly to Cdk6's involvement in a certain step of oncogenically induced cell cycle start, presumably anchorage-independent S-phase entry, which is a fundamental property of malignantly transformed cells (Jinno et al., 1999b) . Consistently, NRK cells overexpressing Cdk6 and D3 form gigantic colonies in methylcellulose medium upon stimulation with oncogenic growth factors (Lin et al., 2001) .
Despite the fact that Cdk4 and D1 promote cell proliferation and numerous reports showing frequent association of Cdk4 and cyclin-D1 overexpressions with various cancers, we failed to detect any noticeable enhancement of transformation susceptibility by overexpression of this cyclin-kinase combination, unless cells were allowed to proliferate at least temporally after carcinogenic treatment. This finding suggests that Cdk4 and D1 might promote carcinogenesis only for the cells constantly turning over with balanced proliferation and death in tissues or for the cells in which the amounts of CKIs including p27 KIP1 , p21 CIP1 and the INK4 family members are significantly reduced by other mechanisms.
Materials and methods

Cells and chemicals
The normal mouse fibroblast lines BALB/c3T3 and C3H10T1/ 2 were maintained in DMEM with 10% FCS. The antibodies aCdk4 (c-22), aCdk6 (c-21), acyclin D3 (c-16), acyclin D1 (72-13G) and ap27 KIP1 (F-8) were purchased from Santa Cruz Biotechnology; and aRb (G3-245) was purchased from PharMingen.
Construction of kinase-negative Cdk6
The kinase-negative mutant of cdk6 (cdc6KN) was constructed by replacing Asp at 163 with Asn in the kinase domain as reported (van den Heuvel and Harlow, 1993) . This was done by PCR amplification using a forward mutagenic oligonucleotide and a reverse primer. The PCR amplified fragment was digested with appropriate restriction enzymes and inserted into the CMV promoter-based expressing vector containing a human cdk6 cDNA by replacement. The presence of the mutation was confirmed by DNA sequencing.
Cell culture and transfection
BALB/c3T3 cells overexpressing Cdk6 alone, both Cdk6 and cyclin D3, or both Cdk6 and cyclin D1 were constructed by serial transfections. Cells were transfected with a CMV-neo expression vector containing a human cdk6 cDNA and selected in the presence of G418 (400 mg/ml). One Cdk6 overexpressor (BALB/c3T3 Cdk6-13) was subsequently transfected with a CMV-hygro expression vector harboring a mouse cyclin D3 or a rat cyclin D1 cDNA, selected for hygromycin resistance (100 mg/ml) and screened for double overexpressors by Western blot. Cells overexpressing Cdk4 alone or both Cdk4 and cyclin D1 were constructed by transfection with a CMV-neo expressing vector containing a mouse cdk4 cDNA or cotransfection with a CMV-hygro expressing vector containing a rat cyclin D1 cDNA, followed by selection in the presence of G418 or both G418 and hygromycin as mentioned above. C3H10T1/2 cells overexpressing Cdk6 alone or both Cdk6 and D3 were constructed by transfection with a CMV-neo expressing vector harboring a human cdk6 cDNA or cotransfection with a CMV-hygro expressing vector harboring a mouse cyclin D3 cDNA followed by selection in the presence of G418 or both G418 and hygromycin and Western blot screening for double overexpressors. BALB/c3T3 cells overexpressing Cdk6KN alone or both Cdk6KN and D3 were constructed by using the same protocol as for constructing C3H10T1/2 cell clones.
Immunoblot detection
Cells (5 Â 10 5 ) were lysed with 0.5 ml of ice-cold RIPA buffer containing 10 mm Tris-HCl (pH 7.5), 150 mm NaCl, 1% Nonidet P-40, 0.1% SDS, 1 mm PMSF, 4 mg/ml each of leupeptin, pepstatin and aprotinin, 1 mm NaF, and 0.1 mm sodium orthovanadate. The cell lysates (20 mg protein for each lane) were electrophoresed and immunoblotted as described (Lin et al., 2001) .
Cell culture in anchorage-free semisolid medium Cell cycle arrest in the absence of anchorage was performed by the incubation of 1 Â 10 6 cells in DMEM with 5% FCS and 1.17% methylcellulose for 36 h.
In vitro kinase assay
Cells were arrested in methylcellulose as mentioned above and lysed with 0.5 ml (for 5 Â 10 5 cells) of ice-cold immunoprecipitation buffer containing 50 mm HEPES (pH 7.5), 150 mm NaCl, 1 mm EDTA, 2.5 mm EGTA, 1 mm DTT, 0.1% Tween-20, 10% glycerol, 0.1 mm PMSF, 4 mg/ml each of leupeptin, pepstatin and aprotinin, 1 mm NaF, 0.1 mm sodium orthovanadate and 10 mm b-glycerophosphate. Lysates were incubated at 41C for 2 h with 0.3 mg of acyclin D3, acyclin D1 or aCdk4 antibody. Protein G-Sepharose suspension (15 ml) (AmershamPharmacia) was then added and incubated at 41C for 1 h. Immune complexes were precipitated by centrifugation and washed with ice-cold glycerol-free immunoprecipitation buffer. The activities of immunopurified Cdk6/Cdk4 kinases were assayed as described previously (Jinno et al., 1999a; Lin et al., 2001) .
